Maintaining healthy aqueous humour outflow (AHO) is important for intraocular cellular health and stable vision. Impairment of AHO can lead to increased intraocular pressure, optic nerve damage and concomitant glaucoma. An improved understanding of AHO will lead to improved glaucoma surgeries that enhance native AHO as well as facilitate the development of AHO-targeted pharmaceuticals. Recent AHO imaging has evolved to live human assessment and has focused on the structural evaluation of AHO pathways and the functional documentation of fluid flow. Structural AHO evaluation is predominantly driven by optical coherence tomography, and functional evaluation of flow is performed using various methods, including aqueous angiography. Advances in structural and functional evaluation of AHO are reviewed with discussion of strengths, weaknesses and potential future directions.
ANATOMY, DISCOVERY AND HISTORY
Aqueous humour is produced by the ciliary processes of the eye and fills the sulcus (space behind iris and in front of the lens/zonule diaphragm) and anterior chamber (AC) spaces. Aqueous humour has several purposes, including to provide essential biomolecules such as electrolytes, micro-molecules, glucose and vitamin co-factors to intraocular tissues. 1 Aqueous humour flow also helps remove cellular waste. As related to vision, the presence of aqueous humour is critical to maintain a relatively stable intraocular pressure (IOP) for ocular rigidity, important for predictable optics.
IOP is determined by the balance of aqueous humour inflow and outflow (AHO). 2 Impaired AHO causes an increase in IOP, and this may lead to glaucoma as a result of optic nerve injury. 3 Two AHO pathways exist: the conventional (trabecular) and unconventional (uveoscleral) outflow pathways ( Fig. 1 ).
Conventional (trabecular) AHO
An early clue that intraocular fluid exited the eye came from Lauber's dog. 4 When comparing the haematocrit between peripheral veins in the extremities to that of ocular ciliary veins, higher haematocrit was observed in peripheral veins. Two hypotheses could have explained this phenomenon with either the eye actively extracting red blood cells from the blood or the eye exuding a clear fluid into the circulation. The latter was eventually proven to be true and found to be the result of the conventional (trabecular) outflow pathway. This pathway starts with aqueous in the AC passing through a multi-layered trabecular meshwork (TM) 3 and entering Schlemm's canal (SC; that lies along the limbus). Aqueous then moves through collector channels (CCs), into an intrascleral venous plexus, and eventually leading to aqueous and episcleral veins where the aqueous joins the venous circulation ultimately flowing to the right side of the heart. 5, 6 Unconventional (uveoscleral) AHO After conventional outflow was found as the first drain for fluid to exit the eye, uveoscleral outflow was identified as a second drain. In the mid-20th century, Anders Bill injected radiolabelled albumin into the eyes of various species. Collecting back conventional (trabecular) outflow on the surface of the eye (from severed episcleral veins), Bill was not able to recover a significant portion of the initially introduced radioactivity. 7 Performing autoradiography on sections cut from enucleated test eyes, the missing fraction was discovered to reside in the uvea and sclera, leading to the designation of a new uveoscleral outflow pathway. 8, 9 Subsequent work delineated this pathway as aqueous moving into the ciliary body from the AC into ciliary body clefts and through the suprachoroidal space exiting the eye either via this vasculature or into/through the sclera. 10 More recently, an alternative lymphatic destination has been discovered as a variant of the uveoscleral pathway termed the uveo-lymphatic pathway. 11 As imaging of uveoscleral outflow is more challenging, this review will focus on imaging of conventional (trabecular) outflow heretofore designated as trabecular, conventional or simply aqueous humour outflow (AHO).
STRUCTURAL ASSESSMENTS OF CONVENTIONAL AHO
Early work on the structural anatomy of AHO pathways did not reflect its dynamic nature. Casting agents were injected into the eye, allowed to polymerize and then after removal or digestion of ocular tissue, a three-dimensional (3D) representation was left. 12, 13 The disadvantage of casting studies was the need for firm (supraphysiologic) pressure to deliver the agent and the potential to create artifactual anatomy. Additionally, only static representations could be obtained, and dynamic changes (physiological or pathological) in outflow pathways could not be appreciated. Subsequently, further anatomical characterization relied on gross anatomy, histology and electron microscopy. 14, 15 More recently, modern noninvasive tools exist to better describe the structural nature of AHO pathways. 3D micro-computed tomography identified AHO pathway lumens given low radiographic signal and also allowed for 3D reconstruction, albeit in enucleated post-mortem eyes. 16 Today, the most widely employed non-invasive structural assessment tool is vision science and ophthalmology is optical coherence tomography (OCT). 17 OCT can be performed in live subjects and allows for longitudinal study. Initially developed for evaluating retinal structure and subsequently for optic nerve evaluation in both glaucoma diagnosis and treatment, OCT for trabecular AHO pathways is less mature. However, using anterior segment OCT (AS-OCT), initial outflow pathway structures such as TM, SC and CCs have been imaged.
The TM has been reported to be imaged by AS-OCT. It is bounded medially by the AC, laterally by an arc-like hypodensity (interface shadow), 18 superiorly by Schwalbe's line and inferiorly by the scleral spur. TM measurements have been made in a wide variety of subjects across different ages and ethnicities. [19] [20] [21] Phase-based OCT (ph-OCT) has shown pulse-dependent TM motion in enucleated non-human primate 22 and live human eyes. 23 Simultaneously imaged with digital pulse-oximetry, this pulsatile motion synchronized with the digital pulse (albeit with a temporal offset), implying a cardiac origin. 23 A key limitation in TM imaging is that, although properly positioned, the ground-truth identity of the OCT signal in the angle including the arc-like hypodensity (interface shadow) has not been firmly established. Even with posterior-segment OCT, where there is a greater abundance of data and research, the labelling and histological identity of the various hypo-and hyper-reflective retinal bands have evolved over time with ever-improving ground-truth and histological confirmation of OCT signal. 24 Therefore, the same needs to be done for Figure 1 . Aqueous humour outflow (AHO). Aqueous humour is produced at ciliary processes (CP) and flows from the sulcus space into the anterior chamber (AC). At that point, there are two outflow pathways. The conventional (trabecular) pathway (red arrow) moves past the trabecular meshwork (TM) into Schlemm's canal (SC) ultimately leading to the venous system and the right side of the heart. The unconventional (uveoscleral) pathway (green arrow) enters into the ciliary body band at the angle into ciliary body clefts (asterisk).
the TM in the anterior segment. One proposed study could be to perform clinical canaloplasty on enucleated post-mortem human eyes. In canaloplasty, SC is exposed, and a fibreoptic probe is inserted and used as a guide to thread a suture throughout SC. Properly placed, the suture could serve as a fiducial point for multi-modal image comparison. The suture could be identified on OCT in relation to the arc-like hypodensity and then further identified in histological section in relation to SC and TM, with a comparison in between.
Compared to TM, SC study by AS-OCT is more established with a larger literature. The reason for this is that the fluid-filled SC lumen gives clear OCT hypo-reflective signal, such that it can be easily identified, not unlike blood vessels. This has been done in post-mortem human eyes 25 and live eyes in small segments of normal 26, 27 and glaucomatous 18 individuals. Automated segmentation methods for SC using AS-OCT images have been created 28 ( Fig. 2) . Extrapolation of SC 360 around the limbus into a 3D representation has been done showing segmental anatomy with wider or narrower regions 28 ( Fig. 3) . In various species, pilocarpine, 29 rho-kinase (ROCK) inhibitors 30 and laser trabeculoplasty 31 have been reported to increase the size of SC. In contrast, IOP elevation 32 has been shown to do the opposite.
Directly posterior to SC, CC identification by AS-OCT has been performed as well, also with automated segmentation (Fig. 2) . 28 However, OCT study of SC and CCs created a new challenge: how does one define a CC relative to SC on AS-OCT? For example, if looking for an OCT hyporeflective lumen, how could one distinguish an CC posterior and inline with SC from an extra-long SC? Separately, because the interface shadow is hypothesized to contribute to the TM and also has low OCT signal, this shadow could be confused for CCs by automated segmentation. To address this, characteristicbased definitions of CCs were required to help guide segmentation. 28 For example, characteristics included the position or angle at which CCs were positioned relative to SC. The downside of making definitions was that atypical CCs could be missed. For example, based on electron microscopic study, 33 CCs can have different subtypes or configurations (standard circular or atypical complex). Furthermore, CCs could not only take complex and tortuous routes, lending them to be missed by AS-OCT segmentation, but CC size and number could also dynamically change, 34 making overall assessment even harder.
Compared to OCT in the posterior segment of the eye, additional challenges arise for AS-OCT evaluation of AHO pathways. First, the distance travelled is large. Unlike the macula, where clinical OCT imaging covers~5-6 mm, comprehensive AS-OCT imaging of AHO structures must cover the entire circumference of the limbus (2X π X radius [average 11.5 mm] = 36.11 mm). In one study, over 5000 Bscans were taken in overlapping volumes with high density to limit missing CCs. 28 This is compared to retina OCT where 50-100 scans can guide surgical decisions. Structures such as CC are also small. Typical commercial OCTs have a B-scan to B-scan distance of~35 μm and can miss CCs. Ground-truth identification of AS-OCT hyper-and hypo-reflective structures are not definite as mentioned above. Posterior to the angle, identification of outflow pathways distal to SC and CC simply based on low OCT signal is complicated by the presence of other hyporeflective lumens not involved in AHO such as arteries, lymphatics and some veins. Most importantly, unlike posterior-segment OCT, which has tracking and reference functions that allow imaging of the same retina location longitudinally over time, 35 in AS-OCT these abilities are lacking. It becomes difficult for investigators to know if AHO pathway imaging across two sessions is really in the same location and more importantly if at the same angle. All it takes is a shift in the image acquisition angle to make a single SC appear bigger of smaller across different image acquisition periods.
Finally, unlike the posterior segment where the structure:function (ganglion cell:visual field or OCT: visual field) relationship is well-studied, [36] [37] [38] in the anterior segment, the relationship of AHO structure to fluid flow is unclear. For example, does a larger outflow lumen always equate to greater aqueous flow? Alternatively, could a big lumen represent trapping of stagnant fluid in an outflow cul-du-sac. Therefore, while AS-OCT imaging of AHO pathways has the enormous advantage of being noninvasive, in the future, significantly more AS-OCT research on AHO structural mapping with technological advances are needed. In the meantime, functional assessment of fluid flow may have a bigger role.
FUNCTIONAL ASSESSMENTS OF CONVENTIONAL AHO
To complement structural data, functional AHO imaging involves visualizing where the fluid actually flows. Methods can be broken down into noninvasive versus invasive and static versus real-time. For imaging conventional AHO, only invasive methods, either static or real-time, exist.
In static AHO imaging, tracers are delivered into the AC for a set amount of time. [39] [40] [41] [42] [43] [44] [45] [46] [47] Then, the eye is prepared for microscopic or histological analyses regarding where the tracer has moved. Variables can include the amount of time that the tracer is allowed to flow in addition to tracer characteristics such as size.
Static AHO imaging has mostly involved gold particles, fluorescent microspheres ranging from 0.2-20 μm in size or 0.01-μm quantum dots. [39] [40] [41] [42] [43] [44] [45] [46] [47] The molecular weight of water (which comprises the vast majority of aqueous humour) is 18 g/mol or daltons (Da). Spheres and dots (consider the number of carbon molecules) can have molecular weight from 10 3 -10 7 Da so that these studies theoretically best model larger particulate movement. Because of this, tracers can accumulate at filtration points, and static AHO imaging has been quite useful in visualizing flow at the TM or CCs.
Static methods first demonstrated segmental patterns of TM uptake and encouraged the idea of segmental AHO. Early works focused on post-mortem bovine and human eyes, often using isolated anterior segment organ culture. After tracer introduction, TM utilization was quantified by calculating percent filtration length (PEFL). 39 PEFL was determined in histological section by dividing the total distance or length (L) over which tracer was seen by the total length (TL) of outflow pathways observed (PEFL = L/TL).
Static methods demonstrating segmental AHO have also been used to learn about TM/SC biology. ROCK inhibitors abolished segmentalization seen through gold particle distribution viewed by electron microscopic analyses of SC cells. 41 In fluorescent microbead studies, ROCK inhibitors showed increase in PEFL, 48 while increasing IOP decreased PEFL. 49 Using mouse genetics, segmental TM AHO, seen in wild-type mouse, became more homogenous in a secreted protein acidic and rich in cysteine (SPARC) mutant. 40 To probe the underlying biology of high-and low-flow regions, said regions were also identified by microbead accumulation and isolated to enrich for biological differences. An increase in versican (a large extracellular matrix proteoglycan) was seen at the RNA and protein level in lowflow human TM. 47 Alternatively, gene expression analysis with some immunofluorescence confirmation revealed increases in collagen and matrix metalloproteinases in high-flow regions. 46 At the electron microscopic level, micron-sized pores (I-pores: intracellular pores for fluid flow across a cell; B-pores: border pores for paracellular flow between cells) have been hypothesized to move fluid past the contiguous border between the inner-wall of SC and the juxtacanalicular TM. 45 Segmental tracer accumulation positively correlated with total pore and Bpore density, suggesting that the paracellular pores represented the dominant pathway for transendothelial filtration across the SC inner-wall. 45 While static methods have revealed multiple insights about AHO biology, the key limitation was that they were not compatible with live human imaging. Safety of tracer particles have not been thoroughly investigated in live humans. Histological study, the most common analysis endpoint, is not possible in patients. Therefore, real-time imaging that avoids the need to process tissue for analyses is required. Episcleral venous fluid waves, canalograms and aqueous angiography represent three forms of invasive real-time AHO imaging.
Episcleral venous fluid waves were first described in the operating room. 50 Using conventional Review of aqueous humour outflow imagingirrigation from phacoemulsification units during cataract surgery, it was noted that some post-limbal episcleral veins could disappear. This indicated forward flow of clear perfusate. When studied clinically and retrospectively, a statistically significant correlation was seen between patients with observable episcleral fluid waves and better surgical success using trabecular ablation. 51 The clear advantage of the episcleral venous fluid wave method was that it was an imaging technique designed with clinical instruments for the spirit of being compatible for humans.
However, a few limitations exist for the episcleral venous fluid wave. First, the pressure is high. IOP during phacoemulsification is difficult to accurately assess. Although the height of the bottle reservoir is known so that the gravity-driven fluid pressure can be calculated, leaks around wounds are unquantifiable. Tactile pressure of the eye during phacoemulsification ultimately confirm what all cataract surgeons know, IOP is transiently high during surgery. Although this is excellent for chamber stability and keeping the posterior capsule away from the phacoemulsification tip, high pressure also alters AHO, potentially collapsing portions of SC leading to non-physiologic results. Also, loss-of-signal methods (from the perfusate flushing the blood out) are more difficult to analyse compared to gain-ofsignal methods. Loss-of-signal imaging requires surgeons to record, know and remember the episcleral venous pattern before the perfusate is pushed forward in order to identify what was lost. Familiar to glaucoma specialists, this is the exact challenge of posterior segment OCT analysis of retinal nerve fibre layer (RNFL) loss. Normal RNFL databases with statistics are helpful comparators because, without patient-specific longitudinal exams or data, clinicians do not know how much RNFL was 'lost' at any particular time in any particular patient. This is compared to retinal OCT where, for example, the simple presence of intraretinal cysts is obviously pathologic without necessarily needing a database regarding normal retinal thicknesses. Thus, gain-ofsignal imaging are usually preferable to loss-ofsignal imaging.
Like the episcleral venous wave, canalography was another AHO imaging method that started with clinical surgeries, in this case canaloplasty. Canaloplasty was described above in the structural analyses of conventional (trabecular) AHO. In canalograms, after SC exposure, tracers could either be directly injected into SC with image acquisition in live subjects or during the reversal step when the canaloplasty probe was backed out of the eye to suture thread SC. [52] [53] [54] [55] While backing out, dollops of tracer (normally viscoelastic to achieve a viscodilation) could be dropped to visualize AHO pathways.
Canalograms yielded excellent images showing outflow around the limbus. [52] [53] [54] [55] However, by introducing the tracer into SC, the contribution of TM to outflow was not included, and this was not physiologic. Also, segmentalization was harder to appreciate. This was so because in order to assess segmental AHO, tracer must fairly reach all portions of the circumferential limbus at about the same time. If injecting directly into SC, local areas around the point of SC exposure automatically received tracer first and could appear to have more AHO than the opposite side of the eye. Even during the canaloplasty reversal step, it took time to back the probe circumferentially around the limbus out of SC. Therefore, a more circular wave of tracer delivery occurred peri-limbal as opposed to simultaneous.
To complement canalograms, aqueous angiography was devised. Aqueous angiography was also developed with the principle of starting with clinical (Spectralis HRA + OCT [Heidelberg Engineering, Heidelberg, Germany], indocyanine green [ICG], fluorescein and others) and operating room (AC maintainer, tubing and others) instrumentation for easier translation to patients. Bringing these supplies into the laboratory, aqueous angiography was first tested with post-mortem pig, cow, and human eyes. [56] [57] [58] [59] Given that the Spectralis was a clinical instrument meant for adult humans with chins, enucleated eyes were secured to drilled holes in the eyes of Styrofoam heads commonly used in cosmetology schools because the models had chins.
To perform aqueous angiography, AC maintainers were inserted into the AC because, compared with standard needles, the grooved ridges lessened leakage at the entry point and prevented sliding. Constant-pressure gravity-driven tracer delivery was established from a reservoir placed over the eye for 10 and 20 mmHg in experiments studying enucleated 56, 58, 59 and intact eyes of living subjects, 60, 61 respectively. The images were taken with the angiographic function of the Spectralis (HRA + OCT) on fluorescein (excitation wavelength = 486 nm and transmission filter set at >500 nm) or ICG (excitation wavelength = 786 nm and transmission filter set at >800 nm) capture mode after establishing a dark pre-tracer background. To study segmental patterns, axial images were collected in post-mortem eyes. While axial imaging could slightly distort angiographic flow images due to normal globe curvature, only axial imaging allowed all quadrants of the eye to be simultaneously visualized for comparison. Since the eyelids blocked the post-limbal view in in living subjects, tractions sutures were required to rotate the eye in non-human primates. 60 In live humans, 61 the subjects were instructed to move their eyes on their own. Angiographic images were readily obtained, and multi-model imaging was used to validate angiographic signal as AHO. First, AS-OCT performed on (but not off ) angiographic structures corresponded with intrascleral lumens that were consistent with AHO pathways. [56] [57] [58] [59] [60] [61] Second, fixable fluorescent tracers that could be trapped were present to a much greater extent in TM associated with angiographically positive compared to negative regions. [56] [57] [58] [59] Lastly, in intact eyes of living subjects, some of the observable episcleral veins overlapped with angiographic structures as would be expected for AHO. 60, 61 Segmental AHO was observed in all species (post-mortem: pig, cow and human; intact/live: non-human primate and human). Divided into quadrants, quantification of angiographic intensity in pig eyes did not show a predilection to any quadrant. 56 In non-human primates and humans, nasal signal was predominantly seen post-mortem 59 and live. 60, 61 Potential clinical relevance for aqueous angiography was established using minimally invasive glaucoma surgeries (MIGS). MIGS are a new category of glaucoma surgery well-known for their ease, speed of surgery and low-risk profile. The most common MIGS are the trabecular-type where the TM is either ablated or bypassed. While successful in lowering IOP, 62, 63 MIGS show some inconsistency. One hypothesis for this may be that the surgery has to be placed in the correct location. Normally, MIGS are placed in the nasal angle from a temporal approach. Some of the original arguments for this direction were based on previous literature showing more AHO pathways in the nasal portion of the eye. 64 However, practicalities related to surgeon familiarity with the temporal approach (at least for cataract surgeons) also likely drove some of these initial recommendations.
With this in mind, one could ask whether trabecular MIGS should target higher or lower flow regions. For areas of high flow, placing a surgery there may allow access to known AHO pathways. However, if a quadrant has good AHO, it may be that the local TM already offers low resistance such that circumventing the TM may have minimal effect. In other words, there may be a ceiling that limits how much outflow improvement can occur. Alternatively, placing trabecular MIGS in regions of low flow may give more room for enhancement. However, it may be that regions of low flow were initially such because the anatomy for AHO was insufficient or incomplete.
Therefore, aqueous angiography was used to test whether low flow regions could be improved or rescued. First, using cow eyes, a two-dye system was devised where ICG aqueous angiography was performed followed by fluorescein aqueous angiography in the same eye. 58 This was comparable to laboratory setups using fluorescein and commonly found red fluorescent tracers. 49, 65 Patterns between ICG and fluorescein were sufficiently similar such that one could performed angiography with one dye, perform a hypothetical intervention (surgeries, lasers or drugs) and then query the effect with the second dye.
With this in place, aqueous angiographymediated guidance of trabecular bypass stents was performed. 59 ICG aqueous angiography was performed on post-mortem human eyes, and this was followed by sham touch or placement of a trabecular bypass stent in regions of initially low angiographic signal followed by fluorescein aqueous angiography. Not only was there rescue of angiographic signal comparing stent placement to control, but an examples of partial TM bypass showed intermediate results. 59 AS-OCT imaging after TM stenting also showed successful movement of particulate matter into AHO pathways despite directing stent placement to initially low flow areas. Therefore, at least in post-mortem eyes, regions of low flow could be rescued. 59 However, greater study from intact eyes of living subjects was necessary.
To image intact eyes of living subjects, a different setup was necessary. Non-human primates and humans take supine positions in the operating room. Therefore, the Spectralis FLEX module (Heidelberg Engineering) was created (Fig. 4) . The FLEX module (not FDA-approved) was a modified surgical boom arm onto which a fully functional Spectralis HRA + OCT (identical to the tablemounted version in outpatient ophthalmology clinics) was installed. Multiple pivot joints allowed for multi-positional imaging including seated, tilted, lateral decubitus, supine and even prone positions.
Studying intact eyes of living non-human primates and humans, segmental angiographic patterns were first confirmed 60, 61 (Fig. 5) . Then, additional findings were observed as well. First, despite tracer delivery using a constant-pressure system, pulsatile flow was observed in some cases. 60, 61 As discussed for ph-OCT, structural pulsatility had already been shown and suspected to be cardiac in nature. 22, 23 While aqueous angiography was not done simultaneously to recording cardiovascular data, aqueous angiography pulsation rates in short video segments were similar to published average non-human primate heart rates. 60 In addition to pulsatile AHO, a novel finding of dynamic AHO was seen (Fig. 6) . Suspected by some to be a static set of fluid pathways, AHO showed the ability to arise in regions without initial signal as well as diminish in regions with initial signal, both in non-human primates and humans. 60, 61 Currently, the mechanism regulating this dynamic change is unclear. Locally, distal AHO pathways are known to have muscular walls such as blood vessels and may have the capability to locally contract (Tan J et al. 2017; ARVO Paper 3771). Alternatively, local TM regulation could also be at play. Either way, dynamic AHO was a unique finding that may allow for discovery of new points of outflow regulation. Dynamic change where a region could develop new angiographic signal was also consistent with the observations that low flow regions could be rescued by trabecular bypass. 59 Therefore, it may be that low flow regions are not permanently so and that AHO can be established with proper surgical maneuvers or disease treatment.
While showing segmental AHO that was similar to other static and real-time methods, aqueous angiography has limitations as well. Tracer delivery into the AC, while allowing for more simultaneous and circumferential delivery to TM/SC, was not fully physiological. Aqueous normally enters the eye posterior to the iris, and tracer delivery anterior to the iris (in the AC) can cause artificial deepening of the chamber. Confounders related to post-mortem eye studies also existed such as lost cellular viability and clotting of episcleral veins. Use of lid speculum in imaging of live non-human primates 60 and humans 61 may have altered ocular surface pressure. Additionally, non-human primates required tractions sutures to move the eye which may have created non-physiologic force vectors during eye rotation. 60 Fortunately, in live humans this was not necessary as patients could move their own eyes to command. However, in live humans undergoing cataract surgery, anti-muscarinic dilation drops were used and likely altered TM capacitance with potential angiographic consequence as well. 61 Nevertheless, many confounders were carefully considered and sometimes carried forth because of clinical realities and practicalities associated with doing research in live subjects. Although sulcus delivery of a tracer is more physiological, no surgeon would place an infusion line in the sulcus of a phakic subject for fear of devastating visual consequences such as phacoanaphylaxis, lens particle glaucoma, vitreous haemorrhages and hyphemas. Currently, aqueous angiography is most safely done in the operating room so lid speculae and traction sutures are simply unavoidable in non-human primates. Dilation for humans was necessary because it made more sense to first study aqueous angiography concurrent to cataract surgery because patients were already in the operating room for routine surgical care. Additionally, aqueous angiography tracers (fluorescein and ICG) have been described as capsular dyes by the American Academy of Ophthalmology, which can facilitate the capsulorhexis. 66 Regarding the AC maintainer itself, after removal, its entry wound was converted into the second instrument side-port for phacoemulsification. In this way, aqueous angiography in live patients required no additional wounds beyond those of normal cataract surgery. 61 In the future, aqueous angiography will be directed at comparing normal and glaucomatous eyes. This can be done with human subjects or glaucoma animal models (cat, dog or rodent). 67 The former is more clinically relevant, but careful attention will be required to exclude patients with lowpressure glaucoma. Without drug holidays, maximum IOPs are not always known for all glaucoma patient. The latter animal experiments are more controlled given precise genetic deletions in the setting of typically identical genetic backgrounds for comparing controls and mutants.
In summary, multiple methods exist for functional conventional (trabecular) AHO assessment. For segmental AHO, there was overall agreement between different laboratories, using different methods (static vs. real-time), in different species (mouse, pig, cow, non-human primate and human), with different models (post-mortem eyes vs. anterior segment organ culture vs. intact eyes of live subjects), with different tracers. This was all very reassuring. Combining concepts from different methods is also useful. Mathematically modelled, the difference between canalograms and aqueous angiography approximately equals TM function (canalograms -aqueous angiography = TM). Therefore, to segregate proximal (TM) from distal (post-TM) AHO contributions, canalograms and aqueous angiography could be done in the same eye and compared with differences specifically revealing TM AHO contributions.
The use of different tracers also deserves additional comment. As mentioned above, water has a molecular weight of 18 g/mol or Da. Fluorescein has a molecular weight of~332 g/mol or Da and best models water among the tracers published. ICG has a molecular weight of 775 g/mol or Da and is notably protein bound. This enhances intraluminal retention well-known to be advantageous in choroidal angiography. 68 Therefore, ICG best models protein flow. Beads likely have molecular weight~10 3 
-10
7 Da (consider the number of carbon molecules in a bead) and thus best models larger (particulate-matter) flow in the eye that is reflective of organelle, debris or cellular (like red blood cell [RBC]) movement. Since aqueous is a complex solution that is more than just water, similar segmental AHO findings despite varying tracer characteristics strongly supports the notion of segmental AHO.
POTENTIAL FOR NON-INVASIVE FUNCTIONAL IMAGING
While aqueous angiography is a new and exciting tool to image AHO, it is invasive. Non-invasive imaging carries both less risk and can be done in the clinic prior to planned surgery. AS-OCT, as mentioned above, fulfils both of these criteria but only images structural parameters of outflow pathways as opposed to the flow itself. In the posterior pole of the eye, OCT angiography (OCTA) 69 is a new modality that images fluid flow, in this case blood in blood vessels. In OCTA, sequential OCTs are acquired close in time at the same location to demonstrate differential intraluminal reflectance due to RBC movement. Using this reflectance-based motion-data, OCTA can image RBC movement which is representative of blood flow. Clinically, early posterior segment OCTA research has shown differences in various vascular retinopathies and changes in response to treatment. 70 Differences have also been reported in glaucomatous compared to normal microvasculature at both the optic nerve head 71 and macula. 72 Given the commercial availability of posterior segment OCTA and the explosion of retinal OCTA research, discussion of OCTA for anterior segment AHO is warranted. This is particularly so given that OCTA and aqueous angiography are sometimes confused. Unfortunately, anterior segment OCTA is both currently commercially unavailable and not likely to be useful for AHO study. Since OCTA requires particulate motion, the normally clear aqueous humour has no inherent RBC-like material that gives OCT reflectance that can then be varied on sequential scans. Efforts to create OCT contrast agents are underway and can include gold particles, 73 milk or even carriers of commercially available drugs (such as in propofol) (van Oterendorp et al. 2016; ARVO Poster A0111). However, all of these still require tracer introduction into the eye, and at that point these methods become just as invasive as aqueous angiography.
Therefore, for true non-invasive imaging, one needs to identify a native aqueous humour candidate that is present at much higher levels in the aqueous humour compared to the serum. In this way, AHO can be distinguished from ocular surface blood flow. At present, one potential candidate is vitamin C. Found at nearly 100 times increased levels in the aqueous compared to serum, 74 vitamin C has been hypothesized to play a role in corneal health. Unfortunately, as a chemically bland molecule, native vitamin C autofluorescence places it in an ultraviolet range not amenable to common clinical imaging. Clever solutions such as chemically attaching vitamin C to a fluorescent molecule followed by oral ingestion and total body loading could be considered.
CONCLUSION
Structurally, OCT can identify outflow lumens. However, there are challenges like the difficulty of acquiring such a large number of high-quality images to comprehensively map AHO structure around the limbus. Also, since automated segmentation software searches for low reflectance lumens, simultaneously non-AHO and low-reflectance luminal structures such as arteries, lymphatics or some veins can be confused for AHO pathways. This is unlike the posterior segment where blood vessels are the only luminal structure so that all lumens are related to the movement of only one fluid, blood. Furthermore, unlike the posterior segment, current OCTA methods will unlikely be useful for AHO imaging given the lack of an AC particle that can be differentially identified on sequential scans.
For functional imaging, aqueous angiography now represents a new tool for AHO assessment. Using aqueous angiography, investigators can study differences between normal and glaucomatous eyes. Aqueous angiography data may help identify new pharmacologic therapeutics by demonstrating increased homogenization of initially segmental flow. Surgically, aqueous angiography may help guide trabecular-targeted MIGS for better IOP lowering results. Unfortunately, a limitation is that aqueous angiography is invasive and currently only available in the operating room. Similar to how retinal intravenous fluorescein angiography was initially a cumbersome method, time and evolution will need to occur to stream-line aqueous angiography as well.
In conclusion, a greater understanding of AHO and the anterior segment will likely arise by combining structural and functional data. In the anterior segment, the precise relationship between structural outflow characteristics and functional measures of flow currently does not exist. Simultaneous AHO structural and functional investigation in the same subject and eye will likely be critical. Alternatively, new imaging modalities targeting native aqueous humour agents could be developed for non-invasive functional imaging.
